We present results of the optical spectral and photometric observations of the nucleus of Markarian 6 made with the 2.6-m Shajn telescope at the Crimean Astrophysical Observatory. The continuum and emission Balmer line intensities varied more than by a factor of two during 1992-2008. The lag between the continuum and Hβ emission line flux variations is 21.1 ± 1.9 days. For the Hα line the lag is about 27 days but its uncertainty is much larger. We use Monte-Carlo simulation of the random time series to check the effect of our data sampling on the lag uncertainties and we compare our simulation results with those obtained by random subset selection (RSS) method of Peterson et al. (1998) . The lag in the high-velocity wings are shorter than in the line core in accordance with the virial motions. However, the lag is slightly larger in the blue wing than in the red wing. This is a signature of the infall gas motion. Probably the BLR kinematic in the Mrk 6 nucleus is a combination of the Keplerian and infall motions. The velocity-delay dependence is similar for individual observational seasons. The measurements of the Hβ line width in combination with the reverberation lag permits us to determine the black hole mass, M BH = (1.8 ± 0.2) × 10 8 M ⊙ . This result is consistent with the AGN scaling relationships between the BLR radius and the optical continuum luminosity (R BLR ∝ L 0.5 ) as well as with the black-hole mass-luminosity relationship (M BH − L) under the Eddington luminosity ratio for Mrk 6 to be L bol /L Edd ∼ 0.01.
INTRODUCTION
Over the past nearly 30 years the method of reverberation mapping (RM) (Peterson 1988 and reference therein) has become one of the standard methods for studying the Active Galactic Nuclei (AGNs). It is based on the assumption that in a typical Seyfert galaxy the source of continuous radiation near a black hole, named as accretion disc (AD), is expected to be of order 10 13 − 10 14 cm. Photoionization of the gas located at a distance of order 10 16 cm produces broad emission lines. The relationship between the continuum and emission line fluxes can be represented by the equation (Blandford & McKee 1982) ⋆ E-mail: vdorosh@sai.crimea.ua (VTD); sergeev@crao.crimea.ua (SGS). † Deceased, 2011 October 21.
where C(t) and L(t) are the observed continuum and emission-line light curves, and Ψ(τ ) is the 1-d transfer function (TF). The TF determines the emission line response to a δ-function continuum pulse as seen by a distant observer. So, the emission lines "echo" or "reverberate" in response to the continuum changes with a delay τ . The size of the region where broad lines (BLR) are formed can be written as RBLR = cτ . The primary task of the RM method is to use the observable C(t) and L(t) to solve the above integral equation for the TF in order to obtain information about the geometry and physical conditions in the BLR. Unfortunately, it is very difficult to find a unique and reliable solution to this equation. However, it is possible to find a temporal shift (lag) between the continuum and emission line light curves using the cross-correlation analysis.
Applying the virial assumption, the mass of the black hole can be determined when the BLR size and the velocity dispersion of the BLR gas are known (Peterson et al. 2004 ). The present tremendous progress being made in black hole mass estimates can be attributed to the reverberation method.
On the other hand, different segments of a single emission line seem to be formed at different effective distances from the ionizing source. In that case, the response in the flux of emission line at line-of-sight velocity Vr and time delay τ is caused by the 2-d transfer function or "velocity delay map" (Horne et al. 2004) . The reverberation technique applied to different parts of a single emission line allows one to make conclusions about the velocity field of the BLR gas. To the present time, considerable progress was made in understanding the direction of the BLR gas motion (Gaskell 2009; Bentz et al. 2008; Denney et al. 2009; Bentz et al. 2010) . For example, some distinctive signatures for infalling gas motions in NGC 3516 and Arp 151 (Bentz et al. 2009b; Denney et al. 2009 ) were revealed: the blue side of the line lagging the red side. NGC 5548 shows the virialized gas motions with the symmetric lags on both the red and blue sides of line. However, the BLR gas in NGC 3227 shows the signature of radial outflow: shorter lags for the blue-shifted gas and longer lags for the red-shifted gas (Denney et al. 2009 ).
More than 40 AGNs have been studied by the RM up to now (Peterson et al. 2004; Bentz et al. 2009b; Denney et al. 2010) . However, the Mrk 6 nucleus is absent in this list. Just a few studies of this galaxy have been made by the reverberation method. We can mention the paper by Doroshenko & Sergeev (2003) based on the archive spectra of Mrk 6 obtained from 1970-1991 using the image tube spectrograph at the 2.6-m telescope of the Crimean Astrophysical Observatory (CrAO). There is also another paper by Sergeev et al. (1999) that includes the results of the 1992-1997 observations with the same spectrograph but with a CCD detector. In this paper a lag in the flux variations of hydrogen lines with respect to the adjacent continuum flux variations was reported for the first time and changes in the line profiles were studied.
Mrk 6 is a Seyfert 1.5 galaxy (Sy 1.5). This galaxy was one of the first galaxies in which the strong variability of the Hβ emission line profile was detected by Khachikian & Weedman (1971) . Although there have not been many optical observations of Mrk 6, there are some radio studies of Mrk 6 available (Kukula et al. 1996; Kharb et al. 2006) , which revealed the complex structure of the radio emission. The X-ray emission from the Mrk 6 nucleus (Feldmeier et al. 1999; Malizia et al. 2003; Immler et al. 2003; Schurch et al. 2006 ) exhibits a complex X-ray absorption and some authors assume that the BLR is a possible location of this absorption complex (Malizia et al. 2003) .
In this paper we present the results of our optical spectroscopic observations of Mrk 6 during the monitoring campaign from 1998 to 2008 performed after publishing our earlier papers with observations made from . For completeness we apply our analysis to all the spectral CCD observations that have been made since 1992 and we also use the results of our photometric observations in the V band. Throughout the entire work, we take z = 0.01865 from our spectral estimates, the distance to Mrk 6 equal to D = 81 Mpc, and H0 =70 km s −1 M pc −1 . The observations and data reduction are described in Section 2. We present the cross-correlation analysis in Section 3, the line width measurements in Section 4; the estimates of the black hole mass, the mass-luminosity and lag-luminosity diagrams are presented in Sections 5 and 6, the velocity-resolved reverberation lag analysis is performed in Section 7. The results are summarized in Section 8.
OBSERVATIONS

Spectral observations and data processing
The Hα and Hβ spectra of the Seyfert galaxy Mrk 6 were obtained from the CrAO 2.6-m Shajn telescope. Prior to 2005 we used the Astro-550 CCD which had a size 580×520 pixels and was cooled by liquid nitrogen. The dispersion was 2.2Å pixel −1 , and the spectral resolution was about 7-8Å. The working wavelength range was about 1200Å. The entrance slit width was 3 ′′ . For technical reasons it was not always possible to set the same position angle (PA) of the entrance slit. Most of the observations were performed along PA∼ 125 o or PA∼ 90 o . The typical exposure time was about one hour. The "extraction window" was equal to 11 ′′ . In July 2005 the Astro-550 CCD was replaced with the SPEC-10 1340 × 100 pixel CCD, thermoelectrically cooled up to −100 o C. In this case the dispersion was 1.8Å pixel −1 . A 3.
′′ 0 slit with a 90
• position angle was utilized for these observations. The higher quantum efficiency (95% max.) and the lower read noise of this CCD allowed us to obtain higher quality spectra under shorter exposure times. The spectral wavelength range for these data sets was about 2000Å near the Hα and Hβ regions. However, the red and blue edges of the CCD frame are unusable because of vignetting. Generally, all spectra in both spectral regions were obtained with a single exposure during the whole night. Our final data set for 1998-2008 consists of 135 spectra in the Hβ region and 48 spectra in Hα. The mean signal-to-noise ratio (S/N) is equal to 32 for the Astro-550 and 73 for the SPEC-10 in the Hβ region and is equal to 40 and 66 in the Hα region, respectively.
As a rule, each observation was preceded by four shorttime (∼10 s) exposures of the standard star BS 3082, whose spectra were obtained at approximately the same zenith distance as that of the galaxy. The spectral energy distribution for these spectra was taken from Kharitonov et al. (1988) . The standard star spectra were used to remove telluric absorption features from the spectra of Mrk 6, to provide the relative flux calibration, and to measure the seeing parameter defined as the FWHM of the cross-dispersion profile on the CCD image. The description of the primary data processing as well as some details of absolute calibration and measurements of the spectra are given in Sergeev et al. (1999) .
The flux calibration was carried out by assuming the narrow emission line fluxes to be constant. We chose the narrow [OIII]λ5007 (for the Hβ region) and [SII]λλ6717, 6732 emission lines (for the Hα region) as the internal flux standards. Their absolute fluxes were measured from the spectra obtained under photometric conditions by using the spectra of the comparison star BS 3082. The mean fluxes in these lines are given in Sergeev et al. (1999) on the far wings of the broad Hα line. Thus, to measure their fluxes, we selected the pseudo-continuum zones closely spaced around each line. The line fluxes were measured by integrating the spectra over the specified wavelength intervals and above the continuum (or local pseudocontinuum), which was fitted with a straight line in the selected zones. The mean continuum flux per unit wavelength was determined in two windows: at 5162-5186Å (designated as F 5170) and 6985-7069Å (designated as F 7030). The continuum zones and integration limits are the same as in Sergeev et al. (1999) . The line and continuum flux uncertainties contain errors related to the S/N of the source spectra, atmospheric dispersion, changes in the position angle of the slit, and seeing effects. Evaluation of these uncertainties is considered in Sergeev et al. (1999) . The mean spectrum of Mrk 6 produced by combining 23 quasi-simultaneous pairs of spectra from the Hα and Hβ regions is shown in Fig.1 . Figure 2 shows the mean and rms spectra of Mrk 6 based on our observations in 1992-2008.
Optical photometry
In order to improve the time resolution of our data set in the F5170 continuum we added the V -band photometry to our spectral observations. Photometric data came from two sources: the U BV observations were made at the Crimean Laboratory of the Sternberg Astronomical Institute of Moscow University, and the BV RI observations were obtained at the CrAO. The U BV observations were obtained in the standard Johnson photometric system and were carried out from 1986 to 2009 at the 60-cm Zeiss telescope with a photo-multiplier detector through the aperture A=27.
′′ 5. The mean uncertainty of Mrk 6 in the V -band is 0. m 022. These data were partially published by Doroshenko (2003) .
In 2001 we started regular observations of Mrk 6 using the CrAO 70-cm AZT-8 telescope and the AP7p CCD. The CCD field covers 15 ′ ×15 ′ . Photometric fluxes were measured within an aperture of 15.
′′ 0. The mean uncertainty of the V -band CCD observations is 0. m 009. Further details about the instrumentation, reductions, and measurements of the BV RI photometric data can be found in Doroshenko et al. (2005) . These data were partially published by Sergeev et al. (2005) .
Light curves
Light curves in Hα and Hβ, and the adjacent continuum are shown in Fig. 3 for spectral observations corrected for seeing. The continuum light curves obtained from the photometric V -band observations were scaled to the flux density measured from the spectroscopic observations. To this end, we used the observations made on the same nights almost simultaneously. We have 29 appropriate observational nights at the 2.6-m and 70-cm telescopes (spectra plus CCD photometry) and 40 appropriate nights at the 2.6-m and 60-cm telescopes (spectra plus the U BV photoelectric photometry). The correlation coefficient between the spectral continuum and the V -band CCD flux for the appropriate nights is r=0.984 (n=29 points), and the correlation coefficient between the spectral continuum and the V -band flux from the U BV observations is r=0.993 (n=40 points). Using the regression equations, we converted our V -band photometric fluxes to the spectral continuum fluxes (F5170). For the nights where both spectral and photometric observations were available, the continuum fluxes are calculated as the weighted average. The fluxes were not corrected for the host starlight contamination and Galactic reddening. Tables 1 and 2 give the light curves from the spectral observations for 1998-2008 (the data for 1991-1997 are available in Sergeev et al. 1999) . The Hβ and Hγ line fluxes together with the spectral continuum fluxes F5170 are shown in Table 1 . The Hα line fluxes and the spectral continuum fluxes F7030 are shown in Table 2 . Table 3 gives combined continuum fluxes from both the spectral observations and from V -band photometric measurements for 1991- 2008. All the fluxes are seeing-corrected. These light curves have been used for the subsequent time-series analysis.
Bottom panel in Figure 3 shows the combined light curve from different telescopes. The combined light curve shows long time scale continuum variability in Mrk 6 as well as more rapid random changes. The flux maxima were observed in 1995-1996 and in 2007. Statistical parameters of the light curves for the lines and continuum are listed in Table 4 . Column 1 gives the spectral features; column 2 gives a number of data points; column 3 is the median time interval between the data points. The combined continuum light curve is sampled better than the Hβ light curve, the Hβ light curve is sampled better than Hα. The mean flux and standard deviation are given in columns 4 and 5, and column 6 lists the variance Fvar calculated as the ratio of the rms fluctuation, corrected for the effect of measurement errors, to the mean flux. Rmax in column 7 is the ratio between the maximum and minimum fluxes corrected for the measurement errors. Uncertainties in Fvar and Rmax were computed assuming that a light curve is a set of statistically dependent values, i.e., a random pro- cess. The Fvar values in Table 4 are the lowest limits of actual Fvar because the observed fluxes were not corrected for starlight contamination.
CROSS-CORRELATION BETWEEN THE CONTINUUM AND THE INTEGRAL BALMER LINE FLUX VARIATIONS
As mentioned in the Introduction, estimating the light travel time delay between the continuum and emission line flux variations is of special relevance for the determination of the BLR size, which, in turn, can be used for black hole mass measurements (see Wandel et al. 1999; Peterson et al. 2004 ). This time delay (or lag) is estimated through the cross-correlation function (CCF). Koratkar& Gaskell (1991) demonstrated that the CCF centroid gives the luminosityweighted radius, in contrast to the CCF peak, which is more influenced by gas at small radii, according to Gaskell & Sparke (1986) . The time delays were computed using the interpolated cross-correlation function (ICCF) (Gaskell & Sparke 1986; White & Peterson 1994; Peterson 2001) . We computed both the lag related to the CCF peak (τ pk ) and the CCF centroid (τcn). The CCF centroid was adopted to be measured above the correlation level at r 0.8rmax. The lag uncertainties were computed using the model-independent Monte Carlo flux randomization/random subset selection (FR/RSS) technique described by Peterson et al. (1998) . The number of realizations was as large as 4000. The uncertainties were computed from the distribution function for τ pk and τcn at the 68% confidence, which corresponds to ±1σ errors for the normal distribution.
The spectra for the 1992 season were obtained with the 2 ′′ entrance slit and they were discarded from the CCF analysis in order to exclude the aperture effects. The results of the cross-correlation analysis for the 1993-2008 interval are presented in Table 5 . The meaning of symbols "s" and "scp" in the first and second columns of Table 5 is the same as in Table 4 : "s" -from spectral observations only and "scp" -from combined spectral and photometric observations ("c" -CCD, "p" -photoelectric). Figure 4 shows the cross-correlation results for the Hβ and Hα line fluxes with the continuum as well as autocorrelation functions of the continuum for the 1993-2008 time interval. Table 5 gives the cross-correlation results. When the continuum light curve is a combination of the spectral and the photometric data (designated as F 5170scp in Table 5) then the CCF computation has been carried out with the rebinning the F 5170scp light curve to the times of observations of the first time series. This is because the combined continuum light curve has much more data points than the continuum light curves which consist from the spectral data only (designated as F 5170s in Table 5 ). For the F 5170s light curve, we follow a standard method of the CCF computation with rebinnig both time series. The variations of the Hα and Hβ fluxes are tightly correlated as well as variations of the continuum fluxes near both a The letters in the first column indicate the origin of the continuum fluxes: "s" -from the spectral observations only and "scp" -from combined spectral and photometric observations ("c" -CCD photometry, "p" -photoelectric photometry). lines (the correlation coefficients are equal to 0.93 and 0.97, respectively). The positive lag values for the 'Hα-Hβ' and 'F7030-F5170' light curves mean that the region of effective continuum emission at λ5170 is probably smaller than that at λ7030 and the region of effective Hβ emission is probably smaller than that Hα. The probability that the delay for the 'F7030-F5170' and 'Hα-Hβ' is less than zero equals to 0.023 and 0.036, respectively. Meaning of symbols "s" and "scp" the same as in Table4. The time interval [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] , that has been used for cross-correlation analysis, is very long. We have divided it into five subinterval in order to check whether the lag values for individual sub-intervals are the same as for the entire 1993-2008 period, whether they are changed in time, and whether they are correlated with the fluxes and with line widths. In particular, the effective region of the broad-line emission can depend on the incident continuum flux, so the lag can depend on the continuum flux. Under a virialized motion of the line-emitting gas the expected relation between the lag τ and the line width V is as follows: V ∝ τ −1/2 . To this end, we used only the Hβ spectra because more reliable lag estimate for this line, and we carried out the crosscorrelation analysis separately for each of the five time intervals listed in the Table 6 . The first and second intervals were taken the same as in the paper by Sergeev et al. (1999) .
The cross-correlation results for the five time subintervals are given in Table 7 . For the continuum light curve in Table 7 that consists of the spectral data only (i.e., when the number of data points in both the Hβ and continuum light curves is the same) we have used the standard method of the CCF computation with the rebinning both time series. When the photometric data are added to the continuum light curve, only the continuum light curve was rebinned to the times of observation of the Hβ light curve. As for the entire period, the lag uncertainties for the individual subintervals were computed by using the FR/RSS method as given by Peterson et al. (1998) . The uncertainties for each subinterval were computed using 4000 FR/RSS realizations, and the probability distributions for both τcn and τ pk were calculated. Each of these distributions was found to be very different from the normal distribution. To obtain the unweighted mean lag and its uncertainties we have sequentially (one after another) performed the convolution of the five individual distributions and then we have scaled the τ -axis by dividing it by a number of subintervals (i.e., by five). After the convolution operation, the final probability distribution was found to be almost normal with the expectation and standard deviation as given in Table 7 for the mean lag.
Since there are large gaps in our time series, we decided to investigate in more detail their effect on the lag uncertainties for Mrk 6. To make sure that the uncertainties in our lag estimates are realistic, we decided to verify the effect of the sampling of our time series to the lag determination and to compare results with those obtained by random subset selection (RSS) method. We have generated random time series with the same autocorrelation function a Continuum light curve was combined from the spectral data and from the CCD photometry. b Continuum light curve was combined from the spectral data and from the photoelectric photometry. c Continuum light curve was combined from the spectral data and from both the CCD and photoelectric photometry.
as observed ACF. Stationary random process (or time series) with a given ACF can be generated from an array of independent random values ξ1, ξ2, ξ3, . . . , ξn. To do this, it is necessary to find a matrix Uij , such that the multiplication of the matrix U to the vector ξ gives a vector of dependent random values x1, x2, x3, . . . , xn, with a given correlation matrix ρij = ACF (tj − ti), where t1, t2, t3, . . . , tn are times of observations. The matrix U is related to the correlation matrix ρ as follows:
where T denotes a transposition operation. We used our own algorithm to compute the matrix U from ACF. First we have generated 1000 realizations of the continuum light curve with a time resolution of 1 day over a period of 6452 days, which is longer than the real observed time interval (6175 days).
To simulate the Hβ light curve from the continuum light curve we have experimented with the three kinds of transfer functions: (1) delta-function δ(τ −20), (2) Π-shaped function which is a constant for 0 < τ < 40, and (3) triangular function which is linearly decreased down to a zero value from τ = 0 to τ = 68.3. Here the lag τ are in units of days. After the convolution with the simulated continuum light curves, all the transfer functions give the Hβ light curve with a lag of about 20 days. Next the simulated continuum and line light curves were rebinned to real moments of observations and the cross-correlation functions were computed for each realization. The lag peak and centroid were measured. The largest uncertainties were obtained when we used the triangular transfer function. These uncertainties are only due to the sampling of the observation data. Table 8 gives a comparison of both methods for uncertainty estimates (i.e., the random time series versus RSS method) for the triangular transfer function. The columns designated as τ pk and τcn are a lag with ±1σ uncertainties computed from the random time series, while other two columns designated as RSS give ±1σ uncertainties computed from RSS method for τ pk and τcn, respectively. The last column of the table is the mean CCF peak value obtained from the method of the random time series. As can be seen from this table, the RSS method gives comparable or larger (up to two times) uncertainties than the method of the random time series does. The random time series method seems to be more direct way to estimate lag uncertainties and since the lag uncertainties were computed in this paper by the RSS method, they seem to be realistic or slightly overestimated.
There is a contradiction between our lag estimate and the preliminary results on Mrk 6 published in a conference proceeding by Grier et al. (NASA ADS tag 2011nlsg.confE..52G). This new campaign had a nightly sampling rate and it spanned 125 nights beginning 2010 August 31 and ending on 2011 January 3. They claimed a lag of 8 ± 3 days for the Hβ line in Mrk 6. We have first checked the effect of the removing of linear trends from our light curves (as recommended by some authors, e.g., Welsh 1999) . We have removed linear trends from the Hβ and continuum light curves for each subinterval, even if there are no such trends exist. Then we have recalculated a mean lag value and it was to be 19 days, i.e. two days less. Then we have generated random time series (continuum and Hβ) by exactly the same way as described above, but for the sampling rate of Grier et al. in order to check whether the duration of the monitoring program is important for the lag measurements. We found that with the data sampling of Grier et al. our lag estimate must be less by one more day, and so a total difference between our and their results must be three days. The real difference is much larger than three days. An unexpected result of our simulation was very large lag uncertainties for the 125-days data sampling and for the triangular transfer function for the Hβ line (see above). The lag uncertainties were found to be as large as ±6 days! However, for the δ(τ − 20) transfer function (i.e., when the line light curve is simply a shifted version of the continuum light curve) the lag uncertainties were found to be as small as ∼ 0.1 days. So, for short-term campaigns and for transfer functions with a long tail (i.e., when the line light curve is not only shifted, but a strongly smoothed version of the continuum light curve), the uncertainties in lag estimates can be very large and they are connected to the extrapolation of the line and continuum fluxes when computing the CCF, not to the data sampling. We concluded that we can only explain the difference of three days between our and their lag measurements. Probably, the rest of the difference is due to real changes of lag or due to the measurement uncertainties and their underestimation.
It can be seen from Table 8 that the simulated lag values are almost the same for all subinterval. The expected lag value can be obtained by convolving the ACF with the transfer function and it was found to be: τ pk = 20.7 days and τcn = 22.4 day in an excellent agreement with the simulation results. So, the large gaps in our time series do not shift the lag measurements. 
LINE WIDTH MEASUREMENTS
It is well known that the emission-line profile evolution cannot be entirely attributed to the reverberation effect and that the profile changes usually occur on a time scale that is much longer than the flux-variability time scale (see Wanders & Peterson 1996) . To decrease the effect of the long-term profile changes on the line width measurements and to get sufficient statistics, we measured the Hβ and Hα line widths for the five subintervals presented in Table 6 . The line width is typically characterized by its full width at half maximum (FWHM) or by the second moment of the line profile, denoted as σ line . To measure FWHM for the mean Hα and Hβ line profiles, we removed narrow lines from the broad line profiles. This is not required for rms profiles. However, the spectra must be optimally aligned in wavelength and in spectral resolution in order to reduce the narrow line residuals in the rms profiles. It is difficult to measure FWHM because both the mean broad and rms Hβ profiles are double-peaked, and so the scatter in the FWHM measurements is much larger than in σ line which is well defined for arbitrary line profiles. The uncertainties in the line width were obtained using bootstrap method described by Peterson et al. (2004) . The Hβ and Hα line width (both FWHM and σ line ) and their uncertainties are listed in Table 9 for 1993-2008. Table 10 gives the σ line computed separately for each considered subinterval and for the Hβ line only. We examined the relationship between the Hβ lag, Hβ width, and the continuum flux (see Fig. 5 ). No significant correlations among above three parameters were found. In particular, the virial relationship between the lag and width does not contradict to our data, but the correlation coefficient between them does not differ significantly from the zero value. More subintervals and less lag uncertainties are required. 
BLACK HOLE MASS OF MRK 6
Determination of the black hole mass from reverberation mapping rests upon the assumption that the gravity of the central super-massive black hole dominates over gas motions in the BLR. The black hole mass is defined by the virial equation
where τ is the measured emission-line time delay, c is the speed of light, cτ represents the BLR size, and ∆V is the BLR velocity dispersion. The dimensionless parameter f is the scaling factor, which depends on the BLR structure, kinematics and inclination of BLR. Peterson et al. (2004) argued that τcn for the time delay τ , and σ line , measured from the Hβ emission line in the rms spectrum for the emission line width ∆V , provide the most robust estimates of the black hole mass with the reverberation technique. Later Collin et al. (2006) confirmed that in most cases for the black hole mass estimate the line dispersion σ line is more suitable than the FWHM, and σ line from the rms-spectrum is more suitable than the σ line from the mean spectrum.
We adopt an average value of f = 5.5 based on the assumption that AGNs follow the same MBH −σ * relationship as quiescent galaxies (Onken et al. 2004) . This is consistent with Woo et al. (2010) and allows easy comparison with previous results, but this is about a factor of two larger than the value of f computed by Graham et al. (2011) . The value of f can be more decreased due to the effect of radiation pressure, as was explored by Marconi et al. (2008 Marconi et al. ( , 2009 ). Marconi et al. suggested that neglecting the effect of radiation pressure can lead to underestimation of the true black hole mass, especially in objects close to their Eddington limit. Discussion between Marconi et al. (2008 Marconi et al. ( , 2009 and Netzer (2009) shows that there are many unclear questions in this area. Naturally, a corrective term for radiation pressure will decrease the f -factor.
We calculated the black hole mass for Mrk 6 with the use of τcn = 21.1 ± 1.9 for the time delay averaged over five time intervals and σ line = 2882 ± 100 km s −1 from the rms spectra for Hβ. With τcn taken in days and (∆V ) in km s −1 , and taking into account the time dilation correction for the value of τcn, the mass is equal to:
The black hole mass calculated from the Hβ line is (1.85 ± 0.21) × 10 8 M⊙. For the Hα line, the τcn = 26.8 ± 7.7 days and σ line = 2780 ± 35 km s −1 and the black hole mass is equal to (2.2±0.6) × 10 8 M⊙. The black hole masses calculated for each of five periods of observations are listed in columns 7 and 8 of Table 10 for the σ line from the mean and rms spectra. One can see that all the estimates of the black hole mass based on the Hβ line are the same within the scatter.
THE BLR SIZE-LUMINOSITY AND MASS-LUMINOSITY RELATIONSHIPS
Many characteristics of the Mrk 6 galaxy are typical for active galaxies. In this connection, it is of interest to see the localization of this galaxy on the BLR Radius-Luminosity and Mass-Luminosity diagrams. These diagrams determine a relationship between fundamental characteristics of AGNs.
To this end, the Mrk 6 luminosity should be known. Up to the present, for many AGNs the luminosity in the rest-frame λ0 = 5100Å has been corrected for host-galaxy starlight Figure 6 . Surface brightness distribution for Mrk 6 in the Vband on the basis of multi-aperture photoelectric photometry by Neizvestny (1987) . The solid curve corresponds to the model µ(r) = a + br + cr 1/4 .
contribution within the apertures used in spectral observations (see Bentz et al. 2009a) . These authors used highresolution Hubble Space Telescope (HST) images to measure the starlight contribution. This contribution was found to be significant, especially for low-luminosity AGNs. We tried to get at least a rough estimate of the host-galaxy contribution using the observations made by Neizvestny (1987) at the Special Astrophysical Observatory (SAO) in October 1984 with different apertures from A=4.
′′ 3 to 55
′′ . The surface brightness distribution in the host galaxy of the Mrk 6 nucleus calculated on the basis of these measurements is shown in Fig. 6 .
The galaxy contribution in our 3 ′′ ×11 ′′ spectral window was found to be V gal =15. m 6 or F gal =2.08×10 −15 erg s −1 cm −2Å−1 . The mean flux observed in the continuum near λ0=5100Å is F (gal+nuc) =6.093×10
−15 ergs −1 cm −2Å−1 (see Table 4 ) and, thus, the mean flux corrected for the galaxy contribution is equal to Fnuc=4.013×10 −15 ergs −1 cm −2Å−1 . The variability amplitude Fvar increases from 18% to 27% after accounting for the galaxy contribution. The mean flux was also corrected for Galactic reddening according to the NASA/IPAC Extragalactic Database (NED) Schlegel et al. (1998) . The luminosity was found to be λL λ (5100)=(2.51±0.78) × 10 43 erg s −1 adopting the galaxy distance D=81 Mpc and when the galaxy contribution is removed.
The bolometric luminosity of the Mrk 6 nucleus was adopted to be L bol ≃ 9λL λ (5100Å) according to Kaspi et al. (2000) and it is equal to L bol (nucl)=2.26 ×10 44 erg s −1 . This luminosity is far from the Eddington limit (L Edd ), which is equal to L Edd =2.16×10
46 erg s −1 for a black hole mass of 1.8×10 8 M⊙. In other words, the Eddington ratio for Mrk 6 is L bol /L Edd ≃ 0.01. In this case and because there are no clear indications of gas outflow from the BLR, the radiation pressure has a negligible effect on the reverberation mass estimate.
The position of the Mrk 6 nucleus on the BLR SizeLuminosity diagram is shown in Fig. 7 . The BLR size and the luminosity of other galaxies in Fig. 7 Bentz et al. (2009a) and Denney et al. (2010) . The luminosity of all nuclei was corrected for host galaxy contribution. The solid line is the best fit to the relationship log(R BLR )=−21.3+0.519 log(L). Bottom: the Mass-Luminosity diagram. The black hole mass of the majority of AGNs was taken from Peterson et al. (2004) , except for Mrk 290, Mrk 817, NGC 3227, NGC 3516, NGC 4051, and NGC 5548, for which new results by Denney et al. (2010) were used. Solid lines show the Eddington limit L Edd and its 10% and 1% fractions. The position of Mrk 6 nucleus is indicated on both plots.
NGC 3516, NGC 4051, for which we used new data from Denney et al. (2010) .
VELOCITY-RESOLVED REVERBERATION LAGS
Entire time interval: 1993-2008
The question about whether the direction of gas motion can be determined from the response of the line profile to the continuum changes was firstly raised by Fabrika (1980) . Generally speaking, the BLR gas velocity field can be random circular orbits, radial gas outflow or infall, or Keplerian motion. Examples demonstrating how the velocity resolved responses can be related to different types of BLR gas kinematics are given in Peterson (2001) and Bentz et al. (2009b) . The random circular orbits generate a symmetric lag profile with the highest lag observed around zero velocity. The infall kinematics produces longer lags in the blue-shifted emission, Table 5 .
and the outflow gas produces longer lags in the red-shifted emission. Horne et al. (2004) formulated some important observational requirements for determining a reliable velocity field of the BLR: (1) the time duration of observations should be at least three times larger than the longest timescale of response, (2) the mean time between subsequent observations should be at least two times less than the BLR light-crossing time, and (3) the velocity sampling ∆V used for the velocitydelay maps should be no less than the spectral resolution of the data. According to Horne et al. (2004) , such conditions can allow one to distinguish clearly between alternative kinematic models of the BLR gas motion.
In order to obtain the velocity-delay map, we measured the lag as a function of velocity in several bins across the line profile. We divided both the Hα and Hβ lines into ten bins of equal flux, and the width of these bins was no less than 1000-1500 km s −1 . For each bin we calculated light curves from the Balmer line fluxes. Then each of these light curves was cross-correlated with the continuum light curve following the same procedure as described in Section 3. Figure 8 shows hydrogen line profiles (mean and rms) subdivided into bins (two upper panels). The two middle panels demonstrate the lag measurements for each of the bins. The vertical error bars show 1σ uncertainties for the time lag, and the horizontal bars represent the bin width. The horizontal solid and dashed lines in the two middle panels show the mean BLR lag and associated errors as listed in Table 5 . The bottom panels show the peak correlation coefficient between the bin flux in the line and continuum, rmax. Figure 8 shows that
(1) The mean and rms profiles of Hβ and Hα are not symmetric with respect to zero velocity. The centroid of the mean and rms profiles is shifted to the short-wave part of the line. The variable parts of Hβ and Hα have two welldefined peaks, one of them is almost central (between 5 and 6 bins) and another is blue-shifted. In addition, there is a weaker peak in the red part of the line profile.
(2) The time delay between the higher velocity gas in the BLR and the continuum is shorter than the delay between the low velocity gas and the continuum. Such a behaviour is typical for virialized gas motions.
(3) The lag in the blue wing of the Hβ line is greater than the lag in the red side of this line. The Hα velocityresolved lags shows the same tendency. This is consistent with expectations from the infall model of gas motion. Thus, it is possible we have virialized motion combined with infall signatures.
(4) The correlation coefficient of different segments of the lines is different. The bin corresponding to a radial velocity of Vr ≈ +1500 km s −1 shows poor correlation with the continuum variation, especially in Hβ. This fact was earlier noted by Sergeev et al. (1999) .
Velocity delay maps in the five time intervals
We have computed the velocity-resolved time delays for the five time intervals given in Table 6 . For each subset we made the velocity-dependent cross-correlation analysis for the Hβ line profile bins as described in the previous section. The Hβ line was selected because its sampling is better. In Figure 9 the mean and rms Hβ profiles, the velocity-resolved time lag response, and the velocity-dependent peak correlation coefficient are shown for the five time intervals. Upon inspection of Figure 9 it becomes clear that the mean and rms profiles are different among the five periods. The relative intensity in the blue peak and in the central peak changes very strongly: during the first interval the blue peak is higher then the red one. The opposite situation is seen in the fifth interval. The flux in continuum as well the flux in the Hβ line systematically decreased from the second to the fourth time interval, as is seen in Figure 3 and Figure 7 . The Hβ rms profile shows two peaks in the first, second and third period, the flat top in the fourth period, and in the fifth period we see three peaks. Figure 8 demonstrates that the high-velocity gas in the wings exhibits a shorter lag than the low-velocity gas, supporting the virial nature of gas motion in BLR: the gas kinematics that is dominated by the central massive object.
However, the lag is slightly larger in the blue wing than in the red wing for all subintervals. This is a signature of the infall gas motion. In the fifth period (2005) (2006) (2007) (2008) reviewer we removed the trend from the Hβ light curves for bins 7-10. No more significant trends were found for other time intervals. In Figure 9 the detrended lags and correlation coefficients are shown by open circles. After detrending procedure, the lag-velocity dependence became more similar to the lag-velocity dependence for the first period, for which the difference in lag between the blue and red wings is largest.
So, it is most likely that the BLR kinematic in Mrk 6 is a combination of the Keplerian gas motion and infall gas motion.
CONCLUSION
We have reported our new results on the Mrk 6 nucleus from 1998-2008 observational data together with the previous results published by Sergeev et al. (1999) . We found that
(1) The flux of the Mrk 6 nucleus in 1992-2008 varied significantly in the continuum as well as in the Hα and Hβ broad emission lines. The relative amplitude of the continuum flux variability is larger than in the hydrogen lines, and it is greater in the Hβ line than in the Hα (see Table 4 ). It is typical for the most of Seyfert galaxies. This agrees with the predictions of Korista & Goad (2004) based on new photoionization calculations of the BLR-like gas.
(2) We found the average time delay between the total Hβ flux and the continuum flux at 5170Å to be 21.1 ± 1.8 days, and the time delay does not vary significant among individual time intervals. It seems that the size of the Hβ emission region remains approximately the same over long time periods. The Hα flux responds to the changes in the F 5170 continuum with a lag of 26.8 +10.6 −4.8 days.
(3) When the continuum flux varies, the photo-ionization models predict the existence of the relation between the BLR size and the luminosity. However, because the large uncertainties in the lag for individual time intervals we are unable to find such a relation. For the same reason, it is unable to obtain a dependence between the lag and line width, and it is impossible to check whether this dependence is consistent with the dependence V ∝ r −1/2 expected for the gravitationally dominated motion.
(4) The Hβ line width is larger than that of Hα. This is naturally explained by photo-ionization calculations (e.g., Korista & Goad 2004) : the effective emission region of Hβ is smaller and closer to the ionizing source than the effective region of Hα, and the gas velocities in Hβ are higher.
(5) By examining the velocity-resolved lags for the broad Hβ and Hα lines, we found that the lag in the high-velocity wings are shorter than in the line core. This indicates virial motions of gas in the BLR. However, the lag is slightly larger in the blue wing than in the red wing for the entire time interval as well as for the individual periods considered in the present paper. This is a signature of the infall gas motion. Probably the BLR kinematic in the Mrk 6 nucleus is a combination of the Keplerian gas motion and infall gas motion.
(6) Some profile segments often show poor correlation with the continuum flux. According to Gaskell (2010) this effect can arise because off-axis sources of ionizing continuum flux can appear, which might not make a detectable contribution to the total continuum flux variability, but they will have an influence on the line only over a narrow range of radial velocity in the BLR. If these local off-axis events will vary out of phase with the variability of the dominant source, the result will be to give a weak correlation between the continuum flux and the line flux in the narrow range of radial velocity.
(7) We determined the black hole mass from the lag and line width measurements of the Hβ and Hα lines. The mass was found to be MBH = (1.8 ± 0.2) × 10 8 M⊙ for the Hβ line and slightly greater and less reliable from the Hα line. Under such a mass and the luminosity of λL λ (5100)=(2.51±0.38)×10
43 erg s −1 , the Mrk 6 nucleus is located on the upper edge of the Mass-Luminosity diagram that corresponds to the Eddington ratio of about 0.01. This confirms the assumption (e.g., Sergeev et al. 2011) that there is anticorrelation between broad-line widths and Eddington luminosity ratio L bol /L Edd . The Mrk 6 position on the BLR Size-Luminosity diagram does not contradict the fit RBLR ∝ L 0.5 determined by Bentz et al. (2009a) .
